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INTRODUCTION 

P y r o l y s i s  is  t h e  f i r s t  s t a g e  of d i r e c t  c o a l  u t i l i z a t i o n  p r o c e s s e s .  As c o a l  p a r t i -  
c l e s  a r e  h e a t e d  i n  a r e a c t o r ,  t h e y  r e l e a s e  most of t h e i r  v o l a t i l e  c o n s t i t u e n t s  i n  
t h e  form of gases  and t a r s .  The chemical t ransformat ions  c h a r a c t e r i z i n g  t h e  pyro- 
l y s i s  s t a g e  a r e  accompanied by complex morphological  t r a n s f o r m a t i o n s  t h a t  d e t e r -  
mine t h e  p o r e  s t r u c t u r e  and, consequent ly ,  t h e  r e a c t i v i t y  of t h e  produced c h a r s  
d u r i n g  t h e  subsequent  combustion or g a s i f i c a t i o n  s t a g e .  G a s i f i c a t i o n  p r o c e s s e s  
a r e  u s u a l l y  d i f f u s i o n - l i m i t e d  s i n c e  t h e  var ious  heterogeneous r e a c t i o n s  t a k e  
p l a c e  a t  e l e v a t e d  tempera tures .  Low u t i l i z a t i o n  of t h e  s u r f a c e  a r e a  a s s o c i a t e d  
with t h e  micropores  p r e s e n t  i n  c h a r s  i s  expected under such  c o n d i t i o n s .  Reac t ions  
occur  most ly  i n  t h e  l a r g e r  macropores t h a t  a r e  c l o s e  t o  t h e  p a r t i c l e  e x t e r i o r  and 
pore  t o  r e a c t a n t s  becomes a major f a c t o r  i n  de te rmining  g a s i f i c a -  
t i o n  r a t e s .  I n i t i a l l y ,  i n t e r n a l  pores  may be  i n a c c e s s i b l e  t o  r e a c t a n t s .  As t h e  
r e a c t i o n  proceeds,  however, w a l l s  of c l o s e d  pores  w i l l  burn  away expos ing  s u r f a c e  
a r e a  p r e v i o u s l y  unavai lab le  f o r  r e a c t i o n  and l e a d i n g  t o  s u b s t a n t i a l  p a r t i c l e  
f ragmenta t ion .  The opening of c l o s e d  p o r o s i t y ,  t h e  formation of a p r o g r e s s i v e l y  
more t o r t u o u s  p a r t i c l e  e x t e r i o r  and t h e  f ragmenta t ion  of t h e  o r i g i n a l  p a r t i c l e s  
can l e a d  t o  l a r g e  enhancements of  t h e  observed g a s i f i c a t i o n  r a t e s .  

The major f a c t o r s  a f f e c t i n g  t h e  macropore s t r u c t u r e  of c h a r s  a r e  t h e  rank of  t h e  
p a r e n t  c o a l s  and t h e  p y r o l y s i s  c o n d i t i o n s .  Coals  can be broadly  c a t e g o r i z e d  a s  
plastic or non-plastic according t o  t h e i r  behavior  d u r i n g  p y r o l y s i s .  P l a s t i c  
c o a l s  s o f t e n  as t h e y  a r e  hea ted  up and behave a s  h i g h l y  v iscous  non-newtonian 
f l u i d s  o v e r  a broad tempera ture  range.  Three phases  a r e  found t o  c o e x i s t  d u r i n g  
t h i s  p l a s t i c i t y  s t a g e :  a v i scous  (but  o p t i c a l l y  i s o t r o p i c )  c o a l  m e l t ,  an an iso-  
t r o p i c  l i q u i d  c r y s t a l l i n e  phase and a gaseous phase. The v o l a t i l e  g a s e s  form bub- 
b l e s  t h a t  grow and c o a l e s c e  s w e l l i n g  t h e  c o a l  p a r t i c l e s  and l e a d i n g  t o  t h e  
formation of h ighly  c e l l u l a r  i n t e r n a l  pore s t r u c t u r e s  t h a t  a r e  c h a r a c t e r i s t i c  of  
c h a r s  d e r i v e d  from p l a s t i c  c o a l s .  Non-plast ic  c o a l s ,  on t h e  o t h e r  hand, do n o t  
s o f t e n  and do not  undergo d r a s t i c  macropore s t r u c t u r e  t r a n s f o r m a t i o n s  d u r i n g  t h e  
p y r o l y s i s  s t a g e .  Bituminous and subbituminous c o a l s  a r e  g e n e r a l l y  c o n s i d e r e d  t o  
be p l a s t i c ,  while  l i g n i t e s  and o t h e r  low rank coa,ls belong t o  t h e  n o n - p l a s t i c  
ca tegory .  

The o p e r a t i n g  c o n d i t i o n s  i n f l u e n c i n g  most s t r o n g l y  t h e  p y r o l y s i s  p r o c e s s  a r e  t h e  
h e a t i n g  r a t e ,  t h e  p a r t i c l e  s i z e  and t h e  p r e s s u r e .  E x i s t i n g  l i t e r a t u r e  d a t a  o f f e r  
l i t t l e  q u a n t i t a t i v e  informat ion  on t h e  e f f e c t  of o p e r a t i n g  c o n d i t i o n s  on macro- 
pore  s t r u c t u r e s ,  s i n c e  t h e  m a j o r i t y  of p a s t  s t u d i e s  have c o n c e n t r a t e d  on s t u d y i n g  
t h e  k i n e t i c s  of p y r o l y s i s  r e a c t i o n s  and t h e  d i s t r i b u t i o n s  of t h e  o b t a i n e d  pro- 
d u c t s .  Prev ious  studies (Howard, 1981; Oh e t  a l . ,  1984) ,  however, i n d i c a t e  t h a t  
t h e  k i n e t i c  and t r a n s p o r t  p rocesses  occurr ing  d u r i n g  p y r o l y s i s  (such a s  t h e  r a t e  
of v o l a t i l e  r e l e a s e ,  t h e  d i f f u s i o n  of  v o l a t i l e s  i n t o  t h e  bubbles ,  t h e  t r a n s p o r t  
of v o l a t i l e s  t o  t h e  p a r t i c l e  e x t e r i o r  e tc . )  w i l l  be  governed by t h e  
t ime-temperature  h i s t o r y  of t h e  c o a l  p a r t i c l e s .  Hence, t h e  p y r o l y s i s  h e a t i n g  r a t e  
i s  expec ted  t o  have t h e  s t r o n g e s t  e f f e c t  on t h e  macropore s t r u c t u r e  of  t h e  c h a r s  
(Hamilton, 1 9 8 1 ) .  

a c c e s s i b i l i t y  

EFFECTS OF PYROLYSIS HEATING RATE ON MACROPORE STRUCTURE OF CHARS 

A p l a s t i c  c o a l  ( I l l i n o i s  #6)  was s t u d i e d  f i r s t .  Coal  p a r t i c l e s  i n  t h e  50-60 mesh 
(250-300 pm) range w e r e  pyrolyzed i n  a c a p t i v e  sample m i c r o r e a c t o r  a t  f i v e  
d i f f e r e n t  h e a t i n g  r a t e s :  0 . 1 ,  1.0, 10, 100 and 1 0 0 0  " C / s .  Char p a r t i c l e s  
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c o l l e c t e d  from t e n  runs  a t  each s e t  of c o n d i t i o n s  were embedded i n  a n  epoxy-resin 
block,  and one s i d e  of t h e  block was p o l i s h e d  t o  r e v e a l  random c r o s s - s e c t i o n s .  
D i g i t i z e d  images f o r  50 p a r t i c l e  s e c t i o n s  were acqui red  from each block and t h e y  
were analyzed wi th  t h e  d i g i t a l  image processor  t o  o b t a i n  t h e  s i z e  d i s t r i b u t i o n  Of 
t h e  two-dimensional macropore p r o f i l e s .  F i g .  1 p r e s e n t s  b i n a r y  images Of 
r e p r e s e n t a t i v e  c r o s s - s e c t i o n s  of c h a r  p a r t i c l e s  produced a t  t h e  var ious  h e a t i n g  
r a t e s .  The b l a c k  a r e a s  of t h e s e  images correspond t o  t h e  c h a r  mat r ix ,  while  t h e  
i n t e r n a l  whi te  a r e a s  a r e  t h e  c r o s s - s e c t i o n a l  p r o f i l e s  of  macropores. 

The lowest  h e a t i n g  r a t e  ( 0 . 1  " C / s )  produced c h a r  p a r t i c l e s  e x h i b i t i n g  a few s c a t -  
t e r e d  l a r g e  c a v i t i e s  wi th  t h i c k  wal l s  and s e v e r a l  smal le r  c a v i t i e s .  This i s  Con- 
s i s t e n t  with t h e  accepted  p y r o l y s i s  mechanism involv ing  formation and growth Of 
v o l a t i l e  g a s  bubbles .  Note t h a t  most of t h e  p a r t i c l e s  shown i n  F ig .  1A have re -  
t a i n e d  t h e i r  a n g u l a r  shape and only  a few cenospheres  were observed.  c a l c u l a t i o n s  
i n d i c a t e d  a moderate  p r e s s u r e  bui ldup  i n  t h e  p a r t i c l e  i n t e r i o r ,  s i n c e  t h e  vo la-  
t i l e  product ion  r a t e s  a r e  s low enough t o  l e t  t h e  gas  escape b e f o r e  t h e  bubbles  
can g r o w  t o  a l a r g e  s i z e .  A t  f a s t e r  h e a t i n g  r a t e s ,  however, t h e  v o l a t i l e  produc- 
t i o n  r a t e s  i n c r e a s e  s u b s t a n t i a l l y  l e a d i n g  t o  cons iderably  h i g h e r  p r e s s u r e s  i n  t h e  
p a r t i c l e  i n t e r i o r  and, thus ,  t o  l a r g e r  bubble s i z e s  and more p a r t i c l e  s w e l l i n g .  
A t  a h e a t i n g  r a t e  o f  1 O C / s ,  t h e  formation of  s e v e r a l  th in-wal led  c a v i t i e s  was 
observed ( F i g .  1B)  and s e v e r a l  pyrolyzed c h a r  p a r t i c l e s  s t a r t e d  e x h i b i t i n g  a d i s -  
t i n c t  c e l l u l a r  i n t e r n a l  s t r u c t u r e .  A t  s t i l l  h i g h e r  h e a t i n g  r a t e s ,  t h e  c e l l u l a r  
i n t e r n a l  s t r u c t u r e  was dominant. Chars pyrolyzed a t  1 0 0  and 1 0 0 0  'C/s showed ex- 
c l u s i v e l y  t h i n - w a l l e d  c e l l u l a r  s t r u c t u r e s  with a few l a r g e  c a v i t i e s  and a group 
of smal le r  secondary v e s i c l e s  formed i n  t h e  t h i n  w a l l s  of  t h e  l a r g e r  ones.  One 
should  n o t e  a l s o  t h a t  l a r g e  p a r t i c l e  s w e l l i n g  occurs  a t  t h e  h igher  h e a t i n g  r a t e s  
l e a d i n g  t o  p a r t i c l e s  wi th  v e r y  high p o r o s i t y .  

Table  I summarizes t h e  b a s i c  s t e r e o l o g i c a l  p r o p e r t i e s  f o r  t h e  f i v e  I l l i n o i s  #6 
c h a r s .  E s t i m a t e s  of t h e  macroporosi ty  E can be obta ined  (Weibel, 1980) from t h e  
two-dimensional p a r t i c l e  c r o s s - s e c t i o n s  us ing  t h e  formula E = A a / A c ,  where A, i s  
t h e  to ta l  a r e a  of p o r e  p r o f i l e s  and A, i s  t h e  t o t a l  a r e a  of  t h e  c h a r  p a r t i c l e  
s e c t i o n s .  An e s t i m a t o r  of t h e  macropore s u r f a c e  d e n s i t y  S, ( i n  (cm2 pore  
s u r f a c e )  / (cm3 p a r t i c l e ) )  i s  g i v e n  (Weibel, 1980) by Sa = B,/Ac, where B, i s  t h e  
t o t a l  p o r e  p r o f i l e  boundary l e n g t h  and A, i s  t h e  t o t a l  a r e a  of p a r t i c l e  
c r o s s - s e c t i o n s .  Both E and Sv can be e s t i m a t e d  from two-dimensional s e c t i o n s  
without  any r e s t r i c t i n g  assumptions concerning t h e  geometr ica l  shape of t h e  p o r e s  
(DeHoff, 1 9 8 3 ) .  W e  have a l s o  obta ined  t h e  macropore volume d i s t r i b u t i o n s ,  bu t  
t h e s e  measurements w e r e  based on t h e  assumption t h a t  t h e  macropores can be mod- 
e l e d  a s  non-overlapping spheres  with randomly d i s t r i b u t e d  r a d i u s .  

I n c r e a s i n g  h e a t i n g  r a t e s  produced c h a r s  wi th  c o n s i s t e n t l y  h i g h e r  p o r o s i t y  and 
maximum p o r e  r a d i u s .  The i n c r e a s e  i n  p o r o s i t y ,  however, t e n d s  t o  l e v e l  of f  a t  t h e  
h i g h e r  h e a t i n g  r a t e s .  An i n c r e a s e  i n  t h e  macropore s u r f a c e  a r e a  d e n s i t y  S, was 
observed a s  t h e  p y r o l y s i s  h e a t i n g  r a t e  i n c r e a s e d  from 0 . 1  t o  1 0  " C / s .  However, S, 
decreased  a t  h i g h e r  h e a t i n g  r a t e s  due t o  t h e  appearance of very  l a r g e  pore  c a v i -  
t ies  i n  t h e  highly-swollen c h a r  p a r t i c l e s  (see F i g s .  1 D  and 1E). The proper ty  of 
i n t e r e s t  f o r  r e a c t i o n  engineer ing  c a l c u l a t i o n s ,  however, i s  t h e  s p e c i f i c  macro- 
pore  s u r f a c e  a r e a  S, expressed  i n  (cm2 pore  s u r f a c e ) / ( c m 3  s o l i d  c h a r ) .  Table  I 
shows t h a t  S, i n c r e a s e d  d r a m a t i c a l l y  with i n c r e a s i n g  h e a t i n g  r a t e s .  This  i s  an 
i n d i c a t i o n  t h a t  I l l i n o i s  16 c h a r s  produced a t  h igh  p y r o l y s i s  h e a t i n g  r a t e s  w i l l  
be  more r e a c t i v e  a t  e l e v a t e d  tempera tures  where low u t i l i z a t i o n  of t h e  micropores  
i s  expec ted .  

P y r o l y s i s  h e a t i n g  r a t e s  had a much s m a l l e r  e f f e c t  on t h e  macropore s t r i c t u r e  of 
c h a r s  produced from a non-p las t ic  l i g n i t e  c o a l  (Wilcox, Texas) .  E a r l i e r  i n d i r e c t  
measurements have i n d i c a t e d  t h a t  t h e  i n i t i a l  macropore network of  non-p las t ic  
( l o w  rank)  Coals  remains e s s e n t i a l l y  i n t a c t  d u r i n g  p y r o l y s i s  (Gavalas and Wilks, 
1 9 8 0 ) .  I n  o r d e r  t o  s tudy  t h e  e f f e c t  of p y r o l y s i s  h e a t i n g  r a t e  on t h e  l i g n i t e  c h a r  
s t r u c t u r e ,  Coal  p a r t i c l e s  i n  t h e  t h e  50-60 mesh s i z e  range were pyrolyzed i n  our 
m i c r o r e a c t o r  a t  t h r e e  h e a t i n g  r a t e s  ( 0 . 1 ,  10 and 1 0 0 0  " C / s ) .  F ig .  2 shows 
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r e p r e s e n t a t i v e  images of t h e  pol i shed  char  s e c t i o n s  taken  f o r  each  sample.  I n  
c o n t r a s t  t o  t h e  I l l i n o i s # 6  chars ,  t h e  c ross -sec t ions  of l i g n i t e  char  p a r t i c l e s  
show a lmost  no v i s i b l e  change a s  t h e  h e a t i n g  r a t e  i s  i n c r e a s e d .  A comparison of 
p a r t i c l e  s e c t i o n s  obta ined  from t h e  pyrolyzed c h a r s  and t h e  p a r e n t  c o a l  r e v e a l e d  
t h a t  s e v e r a l  l a r g e  f r a c t u r e s  and c r a c k s  were formed d u r i n g  t h e  p y r o l y s i s  s t a g e .  
Table  11 p r e s e n t s  t h e  b a s i c  s t r u c t u r a l  p r o p e r t i e s  f o r  t h e  l i g n i t e  c h a r s .  These 
s t e r e o l o g i c a l  measurements show smal l  e f f e c t s  of t h e  p y r o l y s i s  h e a t i n g  r a t e  both 
on t h e  p a r t i c l e  p o r o s i t y  and on t h e  s p e c i f i c  macropore s u r f a c e  a r e a  Sg o f  t h e  
char  samples .  

EFFECTS OF COAL PARTICLE SIZE ON MACROPORE STRUCTURE OF CHARS 

Heat t r a n s f e r  i n  pyro lyz ing  c o a l  p a r t i c l e s  can be  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
p a r t i c l e  s i z e .  I f  e x t e r n a l  hea t  t r a n s f e r  c o n t r o l s  t h e  p y r o l y s i s  process ,  p a r t i c l e  
tempera ture  w i l l  remain cons tan t  d u r i n g  heatup and t h e  h e a t i n g  r a t e  w i l l  d e c r e a s e  
with i n c r e a s i n g  p a r t i c l e  s i z e .  On t h e  o t h e r  hand, i f  t h e  r a t e  of e x t e r n a l  h e a t  
t r a n s f e r  i s  h i g h  enough, high h e a t i n g  r a t e s  and l a r g e  p a r t i c l e  s i z e s  can l e a d  t o  
s i g n i f i c a n t  tempera ture  g r a d i e n t s  w i t h i n  t h e  p a r t i c l e .  Under such c o n d i t i o n s ,  t h e  
p y r o l y s i s  r e a c t i o n  r a t e s  w i l l  va ry  s i g n i f i c a n t l y  i n s i d e  t h e  p a r t i c l e s .  

In  o r d e r  t o  q u a n t i f y  t h e  e f f e c t s  of p a r t i c l e  s i z e  on t h e  macropore s t r u c t u r e  of  
c h a r s  produced from t h e  I l l i n o i s  #6 c o a l ,  two a d d i t i o n a l  s i z e  f r a c t i o n s  of  c o a l  
p a r t i c l e s  were pyrolyzed a t  1 0  " C / s :  25-28 mesh (589-710 pn p a r t i c l e  d i a m e t e r )  
and 100-120 mesh (125-149 pm p a r t i c l e  d i a m e t e r ) .  Thus, t h e  mass of i n d i v i d u a l  
p a r t i c l e s  v a r i e d  by about two o r d e r s  of magnitude f o r  t h e  p y r o l y s i s  runs  a t  1 0  
"C/s. This  h e a t i n g  r a t e  was s e l e c t e d  i n  o r d e r  t o  f a c i l i t a t e  t h e  d e t e c t i o n  of d i f -  
f e r e n c e s  i n  t h e  pore  s t r u c t u r e  p o s s i b l y  caused by changes i n  t h e  i n t e r n a l  h e a t i n g  
r a t e  of t h e  p a r t i c l e s .  

Fig.  3 p r e s e n t s  r e p r e s e n t a t i v e  c r o s s - s e c t i o n s  of c h a r  p a r t i c l e s  produced from t h e  
a d d i t i o n a l  runs  a t  1 0  " C / s .  A comparison of t h e  CrosS-SectiOnS shown i n  F i g .  3 
and F i g .  1C r e v e a l s  very  d i f f e r e n t  pore  s t r u c t u r e s  for t h e  t h r e e  c h a r s .  For  t h e  
s m a l l e s t  s i z e  f r a c t i o n  ( F i g .  3A), w e  observe fewer pores  p e r  p a r t i c l e  and t h e  
pore  shape i s  r a t h e r  rounded. The l a r g e s t  s i z e  f r a c t i o n ,  on t h e  o t h e r  hand, exhi-  
b i t s  numerous macropores p e r  p a r t i c l e .  The boundaries  of t h e  pore p r o f i l e s  a r e  
very t o r t u o u s  and w e  s e e  aga in  t h e  c h a r a c t e r i s t i c  c e l l u l a r  pore s t r u c t u r e  with 
smal l  p o r e s  embedded i n  t h e  w a l l s  s e p a r a t i n g  t h e  l a r g e r  c a v i t i e s .  

Table  I11 s w r i z e s  t h e  measurements f o r  t h e  macropore p r o p e r t i e s .  The i n t e r e s t -  
i n g  r e s u l t  h e r e  i s  t h a t  t h e  macroporosi ty  of t h e  p a r t i c l e s  was not  a f f e c t e d  by 
t h e i r  s i z e .  This  i n d i c a t e s  t h a t  p a r t i c l e  s i z e  d i d  n o t  a f f e c t  t h e  i n t e r n a l  h e a t i n g  
r a t e ,  p o i n t i n g  out  t h a t  e x t e r n a l  h e a t  t r a n s f e r  i s  n o t  l i m i t i n g  f o r  our p y r o l y s i s  
r e a c t o r .  The maximum pore  r a d i u s  observed f e l l  from 284 pn f o r  t h e  25-28 mesh 
sample t o  51 pn f o r  t h e  100-120  mesh sample. This decrease  i n  macropore s i z e  was 
accompanied by an i n c r e a s e  i n  t h e  s p e c i f i c  s u r f a c e  a r e a  of macropores p e r  u n i t  
volume of c h a r  p a r t i c l e .  

I t  m u s t  be  noted  h e r e  t h a t  maceral s e g r e g a t i o n  may complicate  t h e  de te rmina t ion  
of p a r t i c l e  s i z e  e f f e c t s  on t h e  macropore s t r u c t u r e  of c h a r s  produced from p l a s -  
t i c  c o a l s .  Due t o  d i f f e r e n c e s  i n  t h e  mechanical p r o p e r t i e s  of t h e  v a r i o u s  c o a l  
macerals ,  g r i n d i n g  and s i f t i n g  procedures  may l e a d  t o  enr ichment  of c e r t a i n  
macerals  i n  c e r t a i n  s i z e  f r a c t i o n s  ( i . e .  smal l  s i z e  f r a c t i o n s  may c o n t a i n - m o r e  
e x i n i t e ) .  Thus, t h e  well-known d i f f e r e n c e s  i n  t h e  p l a s t i c  behavior  and v o l a t i l e  
conten t  of c o a l  macerals  can a f f e c t  t h e  macropore s t r u c t u r e  of d i f f e r e n t  s i z e  
f r a c t i o n s .  

MODELING OF CHAR GASIFICATION 

D i s c r e t e  models were developed t o  t r e a t  t h e  problem of char  g a s i f i c a t i o n  a t  high 
tempera tures .  Low u t i l i z a t i o n  of t h e  s u r f a c e  a r e a  a s s o c i a t e d  w i t h  t h e  micropores  
i s  expec ted  under  such condi t ions ,  and t h e  a c c e s s i b i l i t y  and s u r f a c e  a r e a  of t h e  
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macropores become t h e  dominant f a c t o r s  i n  de te rmining  t h e  temporal  e v o l u t i o n  of 
r e a c t i o n  r a t e s .  

Our e a r l i e r  discrete models (Sandmann and Zygourakis, 1 9 8 6 )  d e f i n e d  t h e  p o r e s  Of 

a s o l i d  r e a c t a n t  ( c h a r )  by over lapping  r e g u l a r  geometr ica l  e n t i t i e s  ( c i r c l e s ,  
spheres  o r  c y l i n d e r s )  of a g iven  s i z e  d i s t r i b u t i o n .  For example, two-dimensional 
s imula t ions  modeled t h e  pore  c r o s s - s e c t i o n s  a s  an assemblage of over lapping  C i r -  

c l e s ,  grew t h e  p o r e s  by i n c r e a s i n g  t h e  c i r c l e  d iameters  by a f i x e d  amount a t  each  
t ime s t e p  and t h e n  de termined  which cells had t o  be  changed (from c h a r  t o  p o r e )  
t o  r e f l e c t  t h e  new p o r e  dimension. As shown i n  F igs .  1 through 5 ,  however, h i g h l y  
i r r e g u l a r  p o r e  s t r u c t u r e s  a r e  observed when char  p a r t i c l e  c r o s s - s e c t i o n s  a r e  
viewed Under t h e  microscope.  

The new discrete models a r e  based on an erosion algorithm and t h e y  avoid  t h e  Com- 
p u t a t i o n a l  c o m p l e x i t i e s  in t roduced  when p o r e s  of a r b i t r a r y  geometry a r e  approx-  
imated by o v e r l a p p i n g  r e g u l a r  geometr ic  e n t i t i e s .  These models aga in  employ a 
computat ional  g r i d  t o  r e p r e s e n t  t h e  r e a c t i n g  porous s o l i d  and t h e  macropores .  
However, t h e  i n i t i a l  computat ional  g r i d s  a r e  obta ined  d i r e c t l y  from d i g i t i z e d  i m -  
ages  of a c t u a l  p a r t i c l e  c ross -sec t ions  viewed under t h e  microscope.  These images 
a r e  a c c u r a t e  discrete approximations of a slice of t h e  a c t u a l  r e a c t i n g  s o l i d .  The 
i n c o r p o r a t i o n  of  s o p h i s t i c a t e d  d i g i t a l  image process ing  techniques  i n  t h e  g a s i f i -  
c a t i o n  models is  perhaps  t h e  most a t t r a c t i v e  f e a t u r e  of t h e  new approach. For  t h e  
runs p r e s e n t e d  below, t h e  fo l lowing  assumptions were made. 

Only t h e  s u r f a c e  a r e a  d i r e c t l y  a c c e s s i b l e  t o  r e a c t a n t s  from t h e  i r r e g u l a r  
p a r t i c l e  e x t e r i o r  p a r t i c i p a t e s  i n  t h e  r e a c t i o n .  Macropores i n  t h e  p a r t i c l e  
i n t e r i o r  a r e  n o t  i n i t i a l l y  a v a i l a b l e  f o r  r e a c t i o n .  When t h e  r e a c t i o n  f r o n t  
reaches  t h e s e  i n t e r i o r  pores ,  however, t h e i r  s u r f a c e  a r e a  becomes a v a i l a b l e  
for r e a c t i o n .  
D i f f u s i o n a l  l i m i t a t i o n s  i n  t h e  macropores t h a t  a r e  open t o  t h e  e x t e r i o r  a r e  
n e g l e c t e d .  This  assumption i s  n o t  expec ted  t o  l e a d  t o  s i g n i f i c a n t  e r r o r s  i n  
model p r e d i c t i o n s  f o r  t h e  I l l i n o i s  #6 c h a r s  g iven  t h e  l a r g e  s i z e  of t h e i r  in -  
t e r n a l  c a v i t i e s .  
I n t e r n a l  p o r e s  for any c r o s s - s e c t i o n  do not  become a v a i l a b l e  for  r e a c t i o n  due 
t o  burn-through o c c u r r i n g  a t  p lanes  above o r  below t h e  s t u d i e d  one. 

The l a s t  two assumptions have been r e l a x e d  i n  more recent  v e r s i o n s  of t h e  e r o s i o n  
a lgor i thm.  A t  each s i m u l a t i o n  s t e p ,  t h e  computat ional  g r i d  i s  scanned and t h e  
s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n  i s  i d e n t i f i e d .  A s t a t i s t i c a l  method i s  t h e n  
used t o  e r o d e  away a s i n g l e  l a y e r  of p i x e l s  corresponding t o  t h e  c h a r  m a t r i x  from 
t h e  e x t e r i o r  of  t h e  c h a r  p a r t i c l e  (and from t h e  e x t e r i o r  of a l l  p a r t i c l e  f r a g -  
m e n t s ) .  A 3x3 neighborhood around each  c h a r  p i x e l  i s  examined t o  de te rmine  
whether o r  n o t  it is on an edge boundary and should  be r e a c t e d .  The number of 
p i x e l s  r e a c t i n g  a t  each  s t e p  i s  counted and t h e  s o l i d  r e a c t a n t  conversion i s  c a l -  
c u l a t e d .  This  p r o c e s s  can be repea ted  u n t i l  a s p e c i f i e d  conversion has  been 
achieved.  P a r t i c l e  f ragmenta t ion  can a l s o  be  i n v e s t i g a t e d  with t h i s  model by 
i d e n t i f y i n g  a l l  t h e  i s o l a t e d  c h a r  f ragments .  

F ig .  4 p r e s e n t s  t h e  temporal  e v o l u t i o n  of r e a c t i o n  r a t e s  f o r  t h e  f o u r  p a r t i c l e  
c r o s s  s e c t i o n s  p r e s e n t e d  i n  F i g .  1 A .  The d imens ionless  r a t e  Re and t i m e  8 a r e  de- 
f i n e d  a s  

l d m  Re = m - Ar 
0 dt 

where m, is t h e  mass of  unreac ted  char ,  (dm/dt) i s  t h e  r a t e  of change of  t h e  
r e a c t i n g  c h a r  mass, R,(c,T) is t h e  i n t r i n s i c  r e a c t i o n  r a t e  p e r  u n i t  of s u r f a c e  
a rea ,  ps i s  t h e  d e n s i t y  of t h e  s o l i d ,  Ax is  t h e  p i x e l  s i z e  of t h e  image and AT i s  
t h e  time r e q u i r e d  t o  r e a c t  a l a y e r  of  s o l i d  with uniform t h i c k n e s s  equal  t o  1 pn. 
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The e r o s i o n  r a t e  f o r  t h e  p a r t i c l e  e x h i b i t i n g  t h e  l a r g e  cenosphere (ILL106 i n  F ig .  
1 A )  decreases  i n i t i a l l y  and t h e n  jumps t o  very h i g h  l e v e l s  when t h e  l a r g e  i n t e r -  
n a l  c a v i t y  opens up f o r  r e a c t i o n .  A t  t h i s  p o i n t ,  t h e  c r o s s - s e c t i o n  fragments  con- 
s i d e r a b l y  and d isappears  soon t h e r e a f t e r .  The ILL102 p a r t i c l e  i n  F ig .  1 A  h a s  
s e v e r a l  l a r g e  c a v i t i e s  with t h i n  wal l s  s e p a r a t i n g  them from t h e  p a r t i c l e  e x t e -  
r i o r .  Thus, t h e  e r o s i o n  r a t e s  c a l c u l a t e d  f o r  t h i s  c r o s s - s e c t i o n  jump t o  very  h i g h  
v a l u e s  a s  t h e s e  c a v i t i e s  open up a t  f a i r l y  low conversions (less t h a n  2 0 % )  The 
ILL105 c r o s s - s e c t i o n  of F ig .  l A ,  on t h e  o t h e r  hand, e x h i b i t s  numerous s m a l l e r  
c a v i t i e s  t h a t  open up f o r  r e a c t i o n  a t  d i f f e r e n t  t i m e  l e v e l s  g i v i n g  rise t o  t h e  
c h a r a c t e r i s t i c  jumps i n  t h e  r e a c t i o n  r a t e  observed i n  t h e  experiments  by Sundback 
e t .  a l .  (1984) .  I n  t h i s  c a s e  t h e  r e a c t i o n  r a t e s  remain a t  r e l a t i v e l y  h i g h  l e v e l s  
f o r  a l a r g e  t ime i n t e r v a l .  F i n a l l y ,  t h e  more " s o l i d "  c r o s s - s e c t i o n  of F i g .  1 A  
( I L L 1 0 1 )  e x h i b i t s  a s teady  decrease  i n  e r o s i o n  r a t e  f o r  a long p e r i o d  of t i m e  un- 
til t h e  s i n g l e  l a r g e  c a v i t y  opens up. A l a r g e  jump i n  t h e  e r o s i o n  r a t e  i s  ob- 
se rved  a t  t h i s  p o i n t  and t h e  r a t e  decreases  s lowly a f t e r  ach iev ing  i t s  maximum 
value .  Another i n t e r e s t i n g  observa t ion  from Fig.  4 concerns t h e  w i d e  range of 
p a r t i c l e  burnout  t i m e s  p r e d i c t e d  by t h e  d i s c r e t e  s i m u l a t i o n s .  These v a r i a t i o n s  
a r e  c l e a r l y  a t t r i b u t e d  t o  t h e  l a r g e  i n t e r n a l  c a v i t i e s  and t h e  d i f f e r e n t  macro- 
p o r o s i t i e s  of t h e  i n d i v i d u a l  p a r t i c l e s .  

Simulat ion r e s u l t s  from runs  on a l l  p a r t i c l e  s e c t i o n s  can provide  a n  i n d i c a t i o n  
of t h e  expec ted  average g a s i f i c a t i o n  behavior  f o r  a char  sample. F ig .  5 p r e s e n t s  
t h e  average  r e a c t i o n  r a t e  v s .  t i m e  p a t t e r n s  f o r  t h e  t h r e e  I l l i n o i s  #6 c h a r s  pro- 
duced by pyro lyz ing  c o a l  p a r t i c l e s  of d i f f e r e n t  s i z e s  a t  1 0  " C / s .  Due t o  i ts 
smal l  p a r t i c l e  s i z e  and l a r g e  e x t e r n a l  s u r f a c e  a r e a ,  t h e  100-120 mesh sample ex- 
h i b i t s  a h igh  i n i t i a l  r a t e ,  a s h a r p  r a t e  maximum and very  s h o r t  r e a c t i o n  t i m e s .  
A s  t h e  p a r t i c l e  s i z e  i s  increased ,  t h e  r e a c t i o n  r a t e s  decrease  and t h e i r  burnout  
t i m e s  i n c r e a s e  s i g n i f i c a n t l y .  

ACKNOWLEDGMENT 

This  work was p a r t i a l l y  suppor ted  by t h e  Department of Energy under t h e  c o n t r a c t  
DE-FG22-87PC79930. 

REFERENCES 

Gavalas, G.R.  and W i l k s ,  K . A . ,  AIChE J . ,  6, 2 0 1  (1980) .  

Hamilton, L . H . ,  Fuel ,  60, 955 (1981) .  

DeHoff, R .T . ,  J .  Microscopy, 131, 259 (1983) .  

Howard, J . B . ,  "Fundamentals of Coal  P y r o l y s i s  and Hydropyrolysis", i n  Chemistry 

- 

- 

-__ of Coal U t i l i z a t i o n ,  p .  665, E l l i o t t ,  M.A. ,  E d . ,  John Wiley (1981) .  

Oh, M . ,  P e t e r s ,  W.A. and Howard, J . B . ,  Procs .  1983 I n t e r n a t i o n a l  Conference 0" 
Coal  Science,  p.  483, I n t e r n a t i o n a l  Energy Agency (1983) .  -~ 

Sandmann, C.W. and Zygourakis, K., -. Eng. g., ", 733 (1986) .  

Sundback, C .A. ,  B e e r ,  J . M .  and Sarofim, A.F., pTocs. 20th I n t e r n a t i o n a l  Symposium 
- on Combustion, p .  1495, Ann Arbor, Michigan, August 12-17 (1984) .  

Weibel, E . R . ,  " S t e r e o l o g i c a l  Methods", v o l .  2, Academic P r e s s  (1980) .  

955 



TABLE I 

Macropore Structural Properties of I l l i n o i s  # 6  Chars 
Produced at  Various Heating Rates 

Heating P o r o s i t y  Surface Area S p e c i f i c  Maximum Pore 
Rate Densi ty  Surface  Area Radius 

(cm2/cm3 p a r t i c l e )  (cm2/cm3 s o l i d )  (P) 

0.1 0.356 
1. 0.526 

10. 0.709 
100. 0.795 

1000. 0.873 

527 
759 
908 
700 
695 

822 
1,599 
3,116 
3,409 
5,470 

135 
173 
153 
194 
224 

TABLE I1 

Macropore Structural Properties of Lignite Chars 
Produced at  Various Heating Rates 

Heating P o r o s i t y  Surface  Area S p e c i f i c  Maximum Pore 
Rate Densi ty  Surface  Area Radius 

(cm2/cm3 p a r t i c l e )  (cm2/cm3 s o l i d )  (W 

0.1 0.140 1,011 
10. 0.153 1,107 

1000. 0.195 1,369 

1,176 
1,307 
1,700 

31.0 
25.5 
25.6 

TABLE I11 

Effects of Coal Particle S i z e  on the Macropore 
Structural Properties of I l l i n o i s  #6 Chars 

P a r t i c l e  P o r o s i t y  Surface  Area S p e c i f i c  Maximum Pore 
Size  Densi ty  Surface  Area Radius 

(mesh) (cm2/cm3 p a r t i c l e )  (cm2/cm3 s o l i d )  (P) 

100-120 0.689 1,898 
50- 60 0.708 908 
25- 28 0.688 72 9 

6,106 50.5 
3,116 153 
2,339 351 
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ILL106 ILL10 IL 

F = 9  

( B  1 1.0 C/a 

I I 
( C  1 10. c / s  

( 0 )  100. c / s  

( E  1 1000. C/s 

Figure 1: Binary images of particle cross-sections for Illinois #6 c h a r s  produced 
at various pyrolysis heating rates (Coal particle size: 50-60 mesh) .  
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Figure  2 :  Binary images of p a r t i c l e  c ross -sec t ions  f o r  l i g n i t e  c h a r s  produced a t  
v a r i o u s  p y r o l y s i s  hea t ing  r a t e s  (Coal p a r t i c l e  s i z e :  50-60 mesh). 

(I) PPRTICLE SIZE: 100-120 mesh 

(8 )  PllRIICLE SIZE: 25-28 mesh 

Figure 3: Binary images of p a r t i c l e  c r o s s - s e c t i o n s  f o r  I l l i n o i s  #6 chars  produced 
from d i f f e r e n t  s i z e s  of c o a l  p a r t i c l e s  (Heating Rate: 10 "C/S) .  
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Figure 4 :  Temporal evolution of predicted reaction rates from f o u r  simulation 
runs with I l l i n o i s  #6 char part ic les .  
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Figure 5 :  Effect of coal particle s i ze  on the reaction rates predicted for three 
I l l i n o i s  X6 chars. Model predictions are averages for 4 8  particle 
cross-sections. 
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